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Abstract. -Rayleigh acoustic waves were propagated along the surface of sheet samples of Ni and Fe alloys during cathodic charging. The waves were propagated at frequencies from 2 to 8 MHz, and their velocity and attenuation were measured. Attenuation and velocity both decreased during charging, and then increased again after the charging current was removed. These effects could arise from H entering solid solution or from such extraneous phenomena as the influence of bubbles on wave propagation, the formation or decomposition of films on the metal or polarization effects in the electrolyte. A series of experiments are described which establish that the attenuation and velocity changes were in fact due to H entry upon charging and H egress after charging. The process dominating the changgs is the interaction of H atoms with dislocations within the outer 100 to lOOOA of the sample surface region. in attenuation ci and velocity v occurring R-4 at depths as small as 10-I to 10 h [ 4 ] .
For a typical ferrous material, v = 3 x 12 R m/s [ 5 ] , so that at a typical test frequency f of 3 MHz, h = vRf = 10-~m; thus the technique can yield information about pro- JOURNAL D E PHYSIQUE i n s i t u measurements, were t h e b a s i s f o r t h e charging s t u d i e s described i n t h i s note.
--

2.
Experimental. -The s t u d i e s were conducted on s t r i p s of hot-rolled, low-carbon s t e e l (0.08C, 0.53M1-1, 0.011P, 0.008S), and on 50% cold-worked (cw) s h e e t m a t e r i a l of HASTELLOY Alloy C-276 (16% C r , 16% Mo, 5% Fe, 4% W, 2.5% Co, 0.35% V, 1% Mn, 0.08% S, 0.02% C, balance Ni). The s t r i p s were 170 mm x 25 mm x 1 . 8 nrm t h i c k , and were bent t o an L shape t o be accommodated i n t h e f i x t u r e . The s u r f a c e s of t h e s t r i p s were polished t o a 6 um diamond f i n i s h t o eliminate s u r f a c e roughness a s a v a r i a b l e .
As i s described i n Reference 2, R W transducers (Automation I n d u s t r i e s , Type SMZ)
were bonded t o t h e s t r i p s with stopcock grease (Fisher Nomaq). The u l t r a s o n i c sign a l s a t frequencies from 2.5 t o 8 MHz, were generated, received and recorded by mears of a commercial system (MATEC, Inc. Warwick, R.I., USA). The system was tuned, with t h e sample i n a i r , t o maximum received s i g n a l amplitude. The e l e c t r o l y t e , 1% H SO 22 4' was then poured i n t o t h e c e l l , t h e sample was a c t i v a t e d cathodically a t 2mA/cm f o r a t which a L W propagates depends upon t h e physical p r o p e r t i e s of t h e m a t e r i a l ; moreover i t decreases a s t h e thickness of t h e m a t e r i a l and t h e frequency of propagation increases. The RW, i n c o n t r a s t , propagates on t h e s u r f a c e of bodies of thickness much g r e a t e r than A, with v lower than t h e L W v e l o c i t y and independent of f.
Because vR i s frequency-independent and because t h e R W can be made t o sample t h i n sub-surface regions through t h e use of high frequencies (small A), t h e wave i s
an e x c e l l e n t probe f o r s u r f a c e p r o p e r t i e s and s u r f a c e phenomena. Theoretical t r e a tment i n d i c a t e s t h a t m a t e r i a l changes within a l a y e r of l e s s than 0.2 A have t h e most pronounced e f f e c t RW propagation.
The o b j e c t i v e of t h e s e experiments i s t o r e l a t e H behavior during cathodic chargi n g t o changes i n R W behavior.
Since RW, L W o r hybrid t r a n s i t i o n waves may propagate on the sample s u r f a c e during the 1 0 -~s t r a n s
i t times involved, i t was necessary t o e s t a b l i s h t h a t R W conditions e x i s t . This was accomplished i n experiments t h a t show-
ed t h a t t h e waves propagating had minimum v e l o c i t y which was independent of t h e propagation frequency.
I n Figure 2 a r e displayed ci and r e l a t i v e v e l o c i t y a s a function of f f o r a C-276 L-bend specimen i n t h e e l e c t r o l y t e a t t h e r e s t o r corrosion p o t e n t i a l . The v e l o c i t y 5 d a t a a r e r e l a t i v e t o a handbook value [5] of t h e R W v e l o c i t y , vo 1 2.9 x 1 0 cm/s, s o a decrease i n pulse a r r i v a l time manifests i t s e l f a s an i n c r e a s e i n t h e r a t i o of v e l o c i t y v t o vo. than Rayleigh conditions o b t a i n . These d a t a
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show t h a t s u r f a c e wave theory g e n e r a l l y de--- 
a s f i n c r e a s e s .
In f a c t t h e n , t h e t h i n n e r t h e region sampledby a wave of f i x e d i n p u t energy, t h e g r e a t e r t h e a t t e n u a t i o n of t h e wave. Since most material-dependent acoust i c wave damping l o s s e s i n c r e a s e w i t h frequency [ 6 ] , t h e a t t e n u a t i o n d a t a suggest t h a t t h e waves a r e sampling i n t r i n s i c damping processes w i t h i n t h e near-surface region of t h e a l l o y .
Extraneous Losses vs.
Hydrogen-Related Losses. The d a t a on t h e unpolarized a l l o y sample suggest t h a t RW can be propagated i n t h e system described and t h a t t h e i r beh a v i o r provides information r e l a t e d t o p h y s i c a l processes occurring i n t h e a l l o y of i n t e r e s t . On t h e o t h e r hand, once a sample has been p o l a r i z e d , a number of extraneous a c o u s t i c energy processes not r e l a t e d t o t h e s t r u c t u r e o r p r o p e r t i e s of t h e a l l o y may i n f l u e n c e RW behavior. These processes have been documented i n t h e l i t e r a t u r e and include t h e i n f l u e n c e of gaseous phases (e.g. H o r O2 bubbles) and formation and 2 decomposition of t h i n f i l m s (e.g.
p a s s i v e f i l m s ) . I n Reference [ 2 ] i t i s shown t h a t t h e s e processes do n o t dominate H-related behavior i n t h i s technique. Several experiments which underscore t h e s e n s i t i v i t y of t h e R W system t o H-related phenomena a r e
emphasized h e r e .
Typical attenuation-time behavior b e f o r e , during and a f t e r p o l a r i z a t i o n i s shown i n Figure 3 . When cathodic p o l a r i z a t i o n E of about 250 mVSCE i s a p p l i e d (cor-2 responding t o an a p p l i e d c u r r e n t d e n s i t y of 4 . 2 mA/cm ), received p u l s e amplitude instantaneously i n c r e a s e s , and correspondingly a decreases. A t f i x e d c u r r e n t d e n s i t y , a gradually decreases f u r t h e r over a 5 min. p e r i o d , although f l u c t u a t i o n o r n o i s e i n t h e s i g n a l i s observed. A t higher c u r r e n t d e n s i t i e s , both t h e instantaneous and t h e graduate decrease i n a a r e even l a r g e r ; thus i t i s c l e a r t h a t cathodic p o l a r i z a t i o n causes a t o decrease. These a t t e n u a t i o n changes a r e r e v e r s i b l e . When t h e cathodic JOURNAZ. DE PHYSIQUE p o t e n t i a l i s removed, a i n c r e a s e s i n s t a n t a n eo u s l y , then f u r t h e r i n c r e a s e s g r a d u a l l y a s i t recovers toward i t s o r i g i n a l v a l u e . These d a t a s t r o n g l y suggest t h a t t h e d e c r e a s e i n a Surface wave a t t e n u a t i o n i s i n -(As 0 ) on s u r f a c e wave a t t e n u a t i o n i n 2 3 dependent of presence of m e t a l l i c i o n s s t e e l .
: E f f e c t of c a t h o d i c p o l a r i z aa l l o y [2] and both e f f e c t s a r e c o n s i s t e n t t i o n R W a t t e n u a t i o n i n a N i base a l l o y . w i t h t h e known tI-recombination poisoning e f f e c t s of As, which promote t h e e n t r y of H atoms i d t o t h e sample
i n e l e c t r o l y t e .
The p o s i b i l i t y e x i s t s t h a t t h e decreases i n a and v i n t h e presence of As a r e n o t r e l a t e d t o H. I o n i c s p e c i e s change t h e c a p a c i t a n c e of t h e e l e c t r o l y t e a t a sam-
p l e s u r f a c e during charging, and such changes may i n f l u e n c e R W behavior. Moreover,
As can p l a t e out on Fe and t h e m e t a l l i c f i l m could i n f l u e n c e R W behavior. For t h e s e reasons t h e p o s s i b i l i t y t h a t extraneous i o n s may i n f l u e n c e a and v was examined by i n j e c t i n g a f a i r l y concentrated s o l u t i o n (0.5 g / l ) of CuSO i n t o t h e e l e c t r o l y t e . No 4 change i n a was observed (Figure 4b ) although Cu d e p o s i t i o n on t h e sample s u r f a c e was v i s i b l e t o t h e naked eye. This i s f u r t h e r evidence t h a t t h e decrease i n a and v a r e r e l a t e d t o t h e e n t r y of H atoms i n t o t h e sample r a t h e r than t o any c a p a c i t a n c e o r p l a t i n g e f f e c t s . F i n a l evidence t h a t t h e r e v e r s i b l e changes i n a during charging o r o u t g a s s i n g 
of b o t h m a t e r i a l s a r e a s s o c i a t e d w i t h H entry
and e g r e s s is p r e s e n t e d i n Figure 5 . Curve 1 shows t h a t a of t h e N i a l l o y d e c r e a s e s a s c a t h o d i c c u r r e n t d e n s i t y i n c r e a s e s , an e f f e c t c u r r e n t d e n s i t y , a can be f u r t h e r decreased p o l a r i z a t i o n and H-recombination poison c o n c e n t r a t i o n i n t h e N i a l l o y .
by a d d i t i o n of As203, w i t h t h e poisoning e f f e c t s a t u r a t i n g a t about 20 mg/l of As20j i n t h e e l e c t r o l y t e .
Another extraneous e f f e c t which may i n f l u e n c e a is t h e c r e a t i o n o r degradation CURRENT DENSITY, m~/~~~ i n t o t h e a l l o y s u r f a c e a t t h e h i g h e r catho-ing is sufficient for H to move 2 to 3 x 10-~m inward, since the diffusivity of H is about -2.5 x 10-l3 m2/s in this alloy [8] . Effects in a layer of this thickness are readily measured at a RW frequency of 6 MHz.
The solid curves in Figure 6 show recovery of normalized attenuation after polarization is removed as a function of square root of t, the recovery time. The initial rapid recovery, presumably due to electrolyte de-polarization effects, is evident. The gradual recovery of a is not described by t1I2 kinetics expected for simple H-egress by bulk diffusion.
The lack of agreement with bulk diffusion kinetics may be related to the trapping of H atoms by dislocations. A substantial H atom-dislocation interaction has been shown to exist in austenitic stainless steels, [91 which are similar to this alloy, so H atoms introduced by charging may be segregating to dislocations. As they arrive, they may pin the dislocations and diminish the component of attenuation due to dislocation damping; thus the gradual decrease in a during charging may be evidence of the H-dislocation interaction. When the cathodic potential is removed, the concentration of H on surface decreases, and H atoms may leave the dislocation and return to the electrolyte. As the atoms leave, the dislocations become unpinned, and dislocation damping (and therefore a) increase. Analysis of these data [2] indicates that the recovery in a follows a (tirne)'l4 kinetic law, behavior consistent with the kinetics predicted [lo] for the unpinning of dislocations as H atoms leave dislocation atmospheres.
In summary then, the RW system depicted in Figure 1 and the experimental procedures described in this paper indicate that surface ultrasonics provides a powerful tool for the study of H entry and egress in alloys. H behavior within the first 100 to lOOOA of the surface may be monitored by way of observation of changes in die location damping in the near surface region.
